Abstract Motivated by the Holocene history of great Cascadia earthquakes proposed by Goldfinger et al. (2012), we developed a simple model by which we can examine this further. Combining their observation that the plate boundary ruptures in four characteristic segment types with an empirical area versus seismic moment relation and an assumption of constant stress drop, we obtain a model for the along-strike slip distribution for each earthquake type. Summing the slips in each segment over the number of earthquake of all types produces estimates of Holocene plate convergence that quantitatively agree with independent estimates obtained from geodetic and geologic data. Because the width of the fully coupled subduction interface decreases to the south, the assumption of constant average stress drop in earthquakes requires that their slip also decreases to the south. To satisfy the plate convergence constraints, this requires shorter and increasingly numerous earthquakes to finger in toward the south, just as observed in the Goldfinger et al. (2012) paleoseismic record. We conclude the Goldfinger et al. (2012) history is quantitatively consistent with plate tectonic constraints, and that the Cascadia subduction zone is fully coupled seismically. The seismic flux release rate averaged over the Holocene is estimated as 2:7 × 10 9 m 3 =yr.
Introduction
In recent decades, considerable efforts have been made to extend the seismological record back in time using various geologic methods. The paleoseismological record revealed by such studies is critical for understanding the earthquake recurrence and segmentation patterns. In subduction zone settings the most prominent paleoseismic evidence comes from the recognition of prehistoric tsunamis.
The longest and most comprehensive paleoseismic history that has yet been provided is that for the Cascadia subduction zone, in which Goldfinger et al. (2012) have proposed a complete history of the rupture zones of great earthquakes over the entire 10,000-year Holocene period. Their history is based on the interpretation of turbidites in submarine canyons and, for the more recent era, onshore tsunami deposits and measurements of vertical coastal movements. The uniqueness of interpretations of earthquakes from turbidite records is controversial (Frankel, 2011; Atwater and Griggs, 2012) . Nonetheless, the Goldfinger et al. (2012) history is several times longer and more complete than any other paleoseismic record at a plate boundary, and thereby merits study by those interested in earthquake recurrence as well as in seismic coupling at subduction zones.
Background on the Seismotectonics of Cascadia
The relevant features of the seismotectonics of the Cascadia subduction zone are shown in Figure 1 . The shaded area is the region of full seismic coupling on the subduction interface according to a thermal model (Hyndman and Wang, 1995; Wang et al., 2003) . The arrows indicate convergence velocities between the Juan de Fuca plate and the Cascadia forearc. This is based on the MORVEL plate tectonics model corrected for rotation of the Cascadia forearc (Wells and Simpson, 2001) , as given by Wang et al. (2003) . Geodetic data (McCaffrey et al., 2013) as well as geologic data on vertical subsidence rates along the coast and other indicators (Hyndman, 2013) have confirmed the plate boundary is fully coupled and that the lower limit of the locked zone is approximately the same as that given by the Hyndman and Wang (1995) model.
The Cascadia subduction zone has been seismically dormant during the brief historic period. The most recent great earthquake, known from Native American folklore, submerged coastal marshes, tsunami deposits, and a tsunami recorded in Japan, occurred on 26 January 1700. From an analysis of the Japanese tsunami records, Satake et al. (2003) concluded this earthquake ruptured the entire 1100 km length of the subduction interface and had a moment magnitude of about 9.0.
Extensive paleoseismic studies, based on submerged shorelines, onshore tsunami deposits, and offshore turbidite deposits, have allowed for the assembly of what purports to be a nearly complete record of the rupture zones of great earthquakes in Cascadia for the Holocene (Goldfinger et al., 2012) . This work has shown that earthquakes occur in ruptures of four characteristic lengths, shown in Figure 2 . Class A ruptures are similar to the earthquake of 1700 in rupturing the entire length (1100 km) of the plate boundary, whereas classes B, C, and D have shorter rupture lengths of approximately 650, 500, and 350 km, respectively. The numbers in parentheses in Figure 2 indicate how many of each class of rupture are recorded in the Holocene.
This earthquake history thus presents a pattern of an intercalation of progressively shorter and increasingly numerous ruptures toward the south. Goldfinger et al. commented that this seems to imply that plate convergence increases to the south, contrary to what is known independently (compare with Fig. 1 ). They added that a way to avoid this contradiction would be for slip in individual earthquakes to decrease to the south. These features must figure importantly in any successful model.
A Simple Seismicity Model
A first-order test of an earthquake history is to see if it matches the plate motions as predicted independently by plate tectonic and geodetic means. In order to make this comparison, we must first convert rupture length to seismic moment, for which we need a model of the seismically coupled area of the subduction interface. For this we use the Wang and Hyndman model ( Fig. 1 ) and divide it into four segments, 1-4, based on the four rupture lengths, A-D, in which segment length 1 A − B, 2 B − C, 3 C − D, and 4 D. The width of the coupled zone ( Fig. 1) decreases to the south. For the four sectors, we estimate their average widths as W 1 100, W 2 70, W 3 50, and W 4 40 km, respectively, as shown in Figure 3 and listed in Table 1 .
The geometric model ( Fig. 3) gives the area S for various ruptures. To estimate the size of their associated earthquakes, we use the simple scaling law for seismic moment, M 0 kS 3=2 (Kanamori and Anderson, 1975; Kanamori, 1977) . For small earthquakes, this scaling relationship can be interpreted with a circular, constant stress-drop crack model. For large earthquakes of the type we discuss, a circular crack model is clearly inappropriate, however, so it is best to simply regard this scaling law as an empirical relationship. There may be regional differences in the scaling parameter k (Fujii and Matsu'ura, 2000) , so we calibrate this for Cascadia with the 1700 earthquake. Using our estimate of the area of rupture S for a class A event as the sum of all the segments in Figure 3 , the favored value of M w 9.0 of Satake et al. (2003) and the standard relationship log M 0 1:5 M w 9:1, we obtain k 2:3 × 10 15 (S in km 2 and M 0 in N·m). Applying this scaling law to ruptures B, C, and D yields an M w of 8.7, 8.5, and 8.3, respectively. We then make the assumption that stress drop is constant. This must be true on the average because stresses must remain everywhere within fixed limits over many earthquake cycles. Because stress drop Δσ is related to earthquake slip Δu by Δσ ∝ Δu=W, slip is proportional to width. This produces the key result that, to maintain constant stress drop, slip must decrease to the south in each earthquake.
To obtain the slip in each segment of area S 1 -S 4 , we start with rupture A and use the definition of seismic flux, P s (Scholz and Campos, 2012 )
in which Δu i is the slip in segment S i . We solve for Δu 1 , then 100 km NA Plate Figure 1 . Main features of the Cascadia subduction zone. The shaded area is zone of full seismic coupling according to Hyndman and Wang (1995) . Arrows indicate plate convergence rates in millimeters/year, after Wang et al. (2003) .
The segment slips given in Table 1 are archetypes of each class of earthquakes. The assumption of constant stress drop is not required for each individual example of these earthquakes, so there can be considerable variation among each earthquake class, but their average behavior should be similar to the archetypical. How similar is our archetype of the class A event to the 1700 earthquake? The models of Satake et al. (2003) , having few constraints, assumed uniform slip along strike. Wang et al. (2013) studied the heterogeneity of slip in that earthquake in the light of estimates of coastal subsidence in 1700. Their uniform models assume slip equivalent to a uniform accumulation period, and hence a decrease in slip southward proportional to the decrease in convergence rate. If we disregard the Siuslaw River data point, which contains an unknown degree of uncertainty (Hawkes et al., 2011) , their best-fitting models of this type systematically overpredict the subsidence south of 45°N to Cape Blanco (43°N), suggesting that a better fit would be obtained if smaller slip was assumed in this sector. The only data south of Cape Blanco are at Humboldt Bay (41°N) where a much smaller slip is indicated. It thus appears that our archetypical class A model may be similar to the 1700 rupture.
The slip in each segment is summed over all earthquakes to provide a total Holocene slip for each segment, which is compared with the slip estimated from the plate tectonics model in Table 1 . The agreement is quite good. The net Holocene slip in sector 1 is higher than those in sectors 2-4, which are nearly equal. The net slip in sector 4 may be underestimated: Goldfinger et al. (2012) state that there may be additional unidentified events of type D. The model captures the essence of why this pattern of earthquakes exists: decreasing slip to the south in each earthquake, resulting from the southward narrowing of the locked region, requires the addition of progressively more earthquakes southward to accommodate the plate convergence.
This work shows, at this level of analysis, that Cascadia is fully coupled seismically. If we sum the calculated Holocene seismic flux for each segment and divide it by the length of the Holocene, we obtain an average Holocene seismic flux release rate for Cascadia of 2:7Φ (Φ 10 9 m 3 =yr). This compares with the previous estimated range of 2:6-2:7Φ (Scholz and Campos, 2012) , and the range estimated from extreme end-member geodetic inversion models of 2:0-3:2Φ (McCaffrey et al., 2013).
Discussion
There are several systematic sources of uncertainty in our model. The first is uncertainty in the magnitude of the 1700 earthquake. This will affect the parameter k, variations of which will translate as a ratio multiplier over all displacements in Table 1 . The second uncertainty is in our model of the seismic coupling area. We used the Hyndman-Wang (1995) model, which assumes the upper stability transition is at 150°C and the lower transition at 350°C. They placed the upper transition at the deformation front. Although the 2011 Tohoku-oki earthquake did propagate all the way to the trench (Fujiwara et al., 2011) , it is generally believed that most subduction earthquakes do not. If we assume that the upper end of the coupled zone is deeper, and thus the coupling area narrower, this will have the effect of increasing k, the result of which multiplies through the model in a similar manner. The salient feature of our coupling model, that the coupled area narrows to the south, will probably feature in any plausible model because it arises simply from the dip of the interface increasing from about 5°off northern Washington to more than 10°in the south (McCrory et al., 2003) . Hyndman and Wang (1995) also included in their coupling model a transition zone below the locked zone that extends from the 350°to the 450°isotherm in which the interseismic slip velocity increases from zero to the plate tectonic rate. Hyndman (2013) used geodetic and geologic data to locate the point in the transition zone where the slip velocity increased to half the plate tectonic velocity. If we follow the thinking of Tse and Rice (1986) , this transition zone is entirely within the stable sliding regime and represents the transition between two boundary conditions rather than any difference in friction properties. In our model, we assumed that coseismic slip occurs entirely within the locked zone, in contrast, for example, with the models of Wang et al. (2013) who assumed that a considerable amount of coseismic slip occurred within the transition zone. If one makes the latter assumption, then the size of the coupled area should be increased and the amount of coseismic slip in the locked zone (which contributes to plate convergence) reduced relative to our model. If we use the Tse and Rice (1986) model as guidance, however, we see that the coseismic slip extends to only about the 50% point of the exponential transition zone in their models, and the fraction of coseismic moment that occurs within the transition zone is typically only about 5% of the total. They found the bulk of the slip deficit in the transition zone is accounted by postseismic afterslip. Thus we conclude that the fraction of coseismic moment released in the transition zone is probably small enough that it can be neglected for the sake of simplicity.
Thus, although one could tweak the numbers in the table up or down, the pattern of slip rate decreasing and then leveling off along strike toward the south will still mimic that expected from the plate tectonics model. This both explains the pattern of a southward intercalation of additional earthquakes and makes the case for it being real. Earthquakes below the resolution of Goldfinger et al., that is smaller than type D events, are unlikely to significantly change this story. The sum of seismic moments over the Holocene of the type D events, for example, amounts to only 3% of the total seismic (2012) history in predicting the plate convergence rates argues that it must be broadly correct, in that the number of type A events must be approximately correct and that the pattern of the addition of increasing numbers of shorter earthquakes to the south must be essential to the true history. The model we have presented gives a good first-order understanding of the great subduction earthquake behavior of Cascadia. It is oversimplified, however, in that it treats each earthquake in each rupture zone A-D as identical. This seems to be far from the actual case. For one thing, the temporal history of Holocene seismicity does not follow any simple recurrence pattern that might be expected if the earthquakes of each type were identical. Instead, great earthquakes appear to occur in clusters, with recurrence intervals of a few hundred years or less, interrupted by much longer hiatuses (Hagstrum et al., 2004; Kelsey et al., 2005; Goldfinger et al., 2012) . Goldfinger et al. (2012) also found large variations in the volumes of turbidites generated by different type A earthquakes, which they suggested may indicate different degrees of shaking and hence moment release. They attempted to estimate the different sizes of earthquakes using the slip-and time-predictable models and to correlate these with the size of turbidite deposits with results that were inconclusive. Understanding this variation of size for earthquakes of the same apparent length (and area?) and how that manifests itself in the recurrence history remain important parts of the puzzle yet to be solved.
Data and Resources
All data were obtained from the published report of Goldfinger et al. (2012) .
